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BIST Hardware Synthesisfor RTL Data

PathsBasedon TestCompatibility Classes

Abstract

New BIST methodologyfor RTL datapathsis presented.TheproposedBIST methodology

takesadvantageof thestructuralinformationof RTL datapathandreducesthetestapplication

time by groupingsame-typemodulesinto testcompatibility classes(TCCs). During testing,

compatiblemodulesshareasmallnumberof testpatterngeneratorsatthesametesttimeleading

to significantreductionsin BIST areaoverhead,performancedegradationandtestapplication

time. Moduleoutputresponsesfrom eachTCCarecheckedby comparatorsleadingto substan-

tial reductionin fault-escapeprobability. Only asinglesignatureanalysisregisteris requiredto

compresstheresponsesof eachTCC which leadsto high reductionsin volumeof outputdata

andoverall testapplicationtime (thesumof testapplicationtime andshifting time requiredto

shift out testresponses).This papershows how theproposedTCC groupingmethodologyis a

generalcaseof thetraditionalBIST embeddingmethodologyfor RTL datapathswith bothuni-

form andvariablebit width. A new BIST hardwaresynthesisalgorithmemploys efficient tabu

search-basedtestabledesignspaceexplorationwhichcombinestheaccuracy of incrementaltest

schedulingalgorithmsandthe explorationspeedof testschedulingalgorithmsbasedon fixed

test resourceallocation. To illustrateTCC groupingmethodologyefficiency, variousbench-

mark andcomplex hypotheticaldatapathshave beenevaluatedandsignificantimprovements

overBIST embeddingmethodologyareachieved.



1 Intr oduction

Registertransfer-level (RTL) is theabstractionlevel in thebehavioral domainof thevery large

scaleintegration(VLSI) designflow whereanintegratedcircuit is seenassequentiallogic con-

sistingof registersandfunctionalunits that computethe next stategiven the currentmemory

state.Thefunctionalunitswhichcomputethenext statelogic arearithmeticlogic units(ALU),

multipliersor complex multi-functionallibrary modules.Thecomplexity of moderndigital cir-

cuitsrequiresautomatedsynthesisandoptimizationtechniquesthatcanexploreawideclassof

implementationschoicesusingcomputer-aideddesign(CAD) tools[1]. High level-synthesisis

theprocessof generatingRTL structurefrom a behavioral description[2]. Themodules(func-

tional units) allocatedby high level synthesisalgorithmsaregeneratedby modulegenerators

which areableto synthesizethe layoutof moduleswith high performanceanddevice density.

Themodulesareplacedin modulelibrariesandhave identicalphysicalinformation.Giventhe

complexity of moderndigital circuits it is necessarythat testabilityis addressedat RTL dueto

fewer elementsthanat thegatelevel which makestestsynthesisandtestschedulingproblems

moretractable.

1.1 Previous work

Two mainapproacheshave beenproposedto enhancethetestabilityof digital circuitsat RTL.

Thefirst approachis aimedat minimizing thecomplexity of automatictestpatterngeneration

(ATPG).In [3] thecomplexity of ATPGfor scan-baseddesignfor testability(DFT) techniques

is reducedby an efficient selectionof scanflip-flops using RTL information. The high test

applicationtime associatedwith scan-basedtechniqueis overcomeby usingscanchainrecon-

figurationto reduceshiftingtime[4] anduseof partialscandesignof RTL circuits[5]. However,

asignificantdisadvantageof thescan-basedtechniqueis thatat-speedtestingwith thecomplete

testsetis not possible(i.e., all testpatternscannotbeenappliedat theoperationalspeedof the

circuit). To solve at-speedtestability, nonscanDFT techniquesapplicableto RTL datapaths

wereproposedin [6]. Insteadof selectingflip-flops to makecontrollable/observableasthecon-

ventionalscan-basedtechniques,executionunits are selectedusingan executionunit graph.

Performingat-speedtestabilityandreducingtestareaoverheadis achievedat thecostof expen-

sive testpatterngenerationphase.To reducethecostsof testpatterngeneration,analgorithm

thataddsminimal testhardwarein orderto ensurethatall theembeddedmodulesin thecircuit

are hierarchicallytestablewas presentedin [7]. In [8] a techniquefor extracting functional

(control/dataflow) informationfrom RTL controller/datapathis presented,thusavoiding the
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useof highlevel information[7]. Recentlyin [9] atestabilityanalysismethodologyfor modular

designsis introducedwhich extractsa setof justificationandpropagationrequirementsbased

on thecone-of-logicof eachinput andoutput. However, despitereducingbothareaoverhead

andATPGcomplexity thetestapplicationtimeandthevolumeof outputdataarestill high.

Thesecondapproachto enhancetestabilityof RTL circuitsis built-in self-test(BIST) [10].

While scanBIST [11] eliminatesthe useof ATPG, it still requireshigh testapplicationtime

andvolumeof outputdataassociatedwith scanbaseddesign.On theotherhandparallelBIST

reducesboth testapplicationtime andvolumeof outputdata[10]. From now onwardsBIST

hardwaresynthesisrefersto parallelBIST testhardware insertionfor RTL datapaths. BIST

hardwaresynthesisat RTL canbe furthersubdividedto functional-basedandstructural-based

BIST hardwaresynthesis.Functional-basedBIST hardwaresynthesisbasedonalgorithmicand

deterministicBIST schemewaspresentedin [12].This algorithmusesa high-level cell fault

model, and datapathsare assumedto be composedof only specificadders/subtractersand

multipliers. Combinationof differentBIST schemesandreusingpre-existing modulesof the

datapathfor functional-basedBIST hardwaresynthesisunderheterogenoustestschemeswas

proposedin [13]. Anotherfunctional-basedBIST hardwaresynthesis[14] usesthecontroller

netlist to extract the testcontrol/dataflow to derive a setof symbolic justificationandpropa-

gationpaths. In [15] regular expressionbasedhigh level symbolictestabilityanalysisfurther

reducestestareaoverheadunderdelayconstraintsby carefullycarefullyselectingasmallsubset

of registersto serve astestpatterngeneratorsandoutputresponseanalyzers.Recently, redun-

dancy identificationandtestabilityimprovementof digital filter datapathswasproposedin [16]

which restrictsto circuitswhich aredescribedasa network of shift, add,delay, sign-extension

andtruncationelements.All thepreviousfunctional-basedBIST hardwaresynthesistechniques

[12–16]dependstronglyon thefunctionalinformationof datapathmodulesand/orhigh level

control/dataflow. On the other hand,structural-basedBIST hardware synthesisinsertstest

registersby analysinginterconnectionsbetweenregistersandmodulesin a givenRTL netlist,

without usingthe functionalinformationof datapathmodulesor high level control/dataflow.

This makesstructural-basedBIST hardwaresynthesismoresuitableat RTL thanfunctional-

basedBIST hardwaresynthesiswhenonly thestructuralinterconnectionof datapathmodules

andregistersis given. An early structural-basedBIST hardwaresynthesisalgorithmat RTL

waspresentedin [17] without takinginto accountthetestapplicationtime. Anotherstructural-

basedBIST hardwaresynthesisalgorithmthatminimizestestapplicationtime andBIST area

overheadwasproposedin [18]. Thealgorithm,however, hasaninefficienttestabledesignspace

explorationdueto fixedtestresourceallocation,whichmeansthatthetesthardwareis allocated
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beforethetestschedulingprocess.Furthermore,theoptimizationalgorithmlimits thenumber

of testplansto only four per module,leadingto limited numberof exploredtestabledesigns.

To overcomethe fixed test resourceallocation,simultaneoustesthardware insertionandtest

schedulingwasproposedin [19]. While previoustestschedulingalgorithms[20–22]assumed

fixedtestresourceallocation,thework in [19] presentedanincrementaltestschedulingproce-

durewhichovercomesthelimited testabledesignspaceexplorationencounteredwith fixedtest

resources.Despiteits goodperformance,thealgorithmin [19] is not capableof dealingin low

computationaltime with complex designssuchas32-pointdiscretecosinetransform(DCT),

sincea branchandbound-basedalgorithmis employedto explorethetestabledesignspace.A

recentapproachwhich exploresthetestabledesignspaceduringhigh level synthesishasbeen

proposedin [23]. However, sametestlengthis consideredfor all datapathmoduleswhich leads

to unnecessarylong testapplicationtime.

1.2 Moti vation and objectives

Up to this point, the describedstructural-basedBIST hardwaresynthesisalgorithmshave as-

sumedtheBIST embeddingmethodologywhereeverymoduleport is embeddedbetweenatest

patterngeneratoranda signatureanalysisregister. This methodologyis inefficient dueto the

following four problems:

a. to achieve low testapplicationtime high numberof testregistersis requiredwhich leads

to largeBIST areaoverheadandperformancedegradation.

b. sinceevery modulebelongsto a different BIST embeddingthe aliasingcan occur for

everymoduletestedseparatelyleadingto increasein faultescapeprobabilityfor theentire

datapath.

c. the increasednumberof signatureanalysisregistersyields large volumeof outputdata

andincreasestheoverall testapplicationtime dueto thetime requiredto shift out of test

responses.

d. the hugesizeof the testabledesignspacewheretest synthesisand testschedulingare

strictly interrelatedleadsto long computationaltime for efficient testabledesignspace

exploration.

To overcomethe large numberof test registersin the BIST embeddingmethodology(prob-

lem a), a methodologybasedon chainingmodulesinto testpathswasdescribedin [24,25].

Randomnessandtransparency of datapathmodules[26] areusedto guide the simultaneous
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testpathgenerationand test scheduling. Despitereducingthe performancedegradation,the

greatnumberof testpatternsfor eachtestpath,which areno longertruly pseudorandom,in-

creasedthetestapplicationtime. Thetestpathgenerationalgorithmlackedtheglobalview of

the designspaceandthe suboptimalsolutiondependson the order in which the modulesare

processed.Furthermore,the pipelinedtestschedulingfor multiple clock cyclestestpathsin-

creasesthecomplexity of theBIST controllerasthedesigncomplexity is enlarged.Concurrent

checkers[27,28] have beenusedfor reducingfault escapeprobability (problemb) duringoff-

line self-test. While large BIST areaoverheadsolutionsbasedon duplicatecircuitry realized

in complementaryform aredescribedin [27], theresultspresentedin [28] show thatextra test

hardwarerequiredto achieve low fault-escapeprobability, if designedasa combinationof a

concurrentcheckerandsignatureanalysisregisters,is morecost-effectivethanthedesignusing

only signatureanalysisregisters. Recentlya differentapproachwhich combinesmutualand

signaturetestingschemes[29] hasbeenproposedfor reducingfault escapeprobability. This

approachusestestregistersthatcombineequalitycomparatorsandsignatureanalysisregisters

leadingalso to reductionin the volume of output data(problemc). However, due to large

numberof testregisterswhenmaximumtestconcurrency is targetedtheproblemof BIST area

overheadandperformancedegradationarenot solved. Thepreviousapproaches[24–29]pro-

posedseparatesolutionsfor solving only oneof the problems(a) - (c) at the expenseof the

otherproblemsof the BIST embeddingmethodology. Furthermore,the interrelationbetween

testsynthesisandtestschedulingwhich leadsto hugesizeof thetestabledesignspace(problem

d) wasnot solved efficiently by the previously describedapproaches[17–22] which trade-off

thequalityof thefinal solutionandcomputationaltime.

The aim of this paperis to introducea new BIST methodologyfor RTL datapathsusing

a new conceptcalledtestcompatibilityclasseswhich reducestestapplicationtime with com-

parableor evenlower BIST areaoverheadwhencomparedto the traditionalBIST embedding

methodology. The proposedBIST methodologywhich targetsdataflow intensive application

domains,like digital signalprocessing,communicationsandgraphics,overcomesthe perfor-

mancedegradation,fault-escapeprobabilityandvolumeof outputdataassociatedwith theBIST

embeddingmethodology. Furthermoreefficientheuristicsfor testabledesignspaceexploration

producehigh quality of the final solutionin low computationaltime. The paperis organized

asfollows. Section2 introducestheTCC groupingmethodology. BIST hardwaresynthesisfor

TCC groupingis given in section3. Experimentalresultsof benchmarkandcomplex hypo-

theticaldatapathsarepresentedin section4. Finally, concludingremarksaregivenin section

5.
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2 New BIST methodologyfor RTL data paths

This sectionmotivatesthe key ideaspresentedin this paperthroughexamplesandgivesfor-

mal conceptsanddefinitionsof the proposedBIST methodology. First the shortcomingsof

thetraditionalBIST embeddingmethodologyareidentifiedandbenefitsof theproposedBIST

methodologyareoutlinedusingadetailedexample.Thentheformaldefinitionof testcompati-

bility classesis given.

2.1 An illustrati veexample

TraditionalBIST embeddingmethodologyembedsevery moduleport betweena testpattern

generatoranda signatureanalysisregister. This may leadto conflictsbetweendifferent test

resourceswhen maximumtest concurrency is targeted. Furthermorethe numberof test re-

sourcesfor low testapplicationis extremelyhigh leadingto bothhigh BIST areaoverheadand

performancedegradation.The proposedBIST methodologytakesadvantageof the structural

informationof RTL datapathandreducesthetestapplicationtimeby groupingsame-typemod-

ulesinto testcompatibilityclasses(TCCs). Two modulesareof thesametype if they aretwo

differentinstancesof thesamemodulelibrary prototypeandhencethey havetheidenticalphys-

ical andstructuralinformation.Dueto theidenticalphysicalandstructuralinformationthefault

setsof two same-typemoduleshavethesamedetectionprobabilityprofile [30]. Thus,thesame

testpatterngeneratorscanbeusedsimultaneously(noneedto schedulethetestsatdifferenttest

times)for two or moresame-typemoduleswithout decreasingthefault coverage.On theother

handfault setsof different-typemoduleshavedifferentdetectionprobabilityprofilesandhence

different testpatterngeneratorsanddifferent testapplicationtimesare neededto satisfy the

requiredfault coverage.It shouldbenotedthatuseof hardmacroimplementationsof library

moduleswhichhave identicalphysicalandstructuralinformationcansignificantlyimprovethe

final design[31]. Furthermoredesignmethodologieswhich useregularelementsandidentify

similarity needto beincorporatedin stateof theartCAD tools[31,32]. Thereforetheproposed

BIST methodologyis targetingdesignflowsthatusefew pre-designedmoduletypeswith iden-

tical physicalandstructuralinformationandexploits the regularity of the datapathto reduce

testapplicationtimeandBIST areaoverheadasexplainedin thefollowing example.

Example1 To give insightof theproposedBIST methodologyconsiderthesimpledatapath

shown in Figure1(a). Thedatapathhas3 modulesof module-typeAtype and9 registers.Each

moduleis annotatedwith its name(A1-A3). In order to test all the modulesin a single test

session,all theregistersaremodifiedinto linearfeedbackshift registers(LFSRs)andmultiple-
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input signatureregisters(MISRs).Eachtestpatterngenerator(LFSR1-LFSR6) appliestestpat-

ternsto eachinput port of every moduleandeachsignatureanalysisregister(MISR7-MISR9)

evaluatestheoutputresponsesof everymodule.Thepathsfrom testpatterngeneratorsto mod-

ule inputportsthroughmultiplexersaredenotedby dottedlines. In orderto testall themodules

simultaneously6 LFSRsand3 MISRsarerequired.Notethenumberof 2-to-1multiplexersin

thedatapathis 4 andhencethereare24 pathsto applytestpatternsto moduleinputports.Any

otherconfigurationof testregisterswhich impliessharingof a testresourcein orderto reduce

BIST areaoverheadwill leadto anincreasednumberof testsessionsandhencetestapplication

time. However, if Atype modulesareinstancesof thesamemodulelibrary prototype,thenthey

haveidenticalphysicalandstructuralinformationandhenceidenticaldetectionprobabilitypro-

file. Thusif testpatternsareappliedto modulesA1
� A3 simultaneouslysamefault coverageis

achievedwhencomparedto applyingtestpatternsin differenttestsessions.NotethatLFSR1 is

theonly testregisterwhichappliestestpatternsto left inputportof moduleA1 andis connected

to left input portsof A2 andA3. If multiplexersat left input portsof A2 andA3 selectLFSR1 as

shown in Figure1(b), thetestregistersLFSR3 andLFSR5 (Figure1(a))areunnecessary. This

clearly leadsto savingsbothin BIST areaoverheadandperformancedegradation,sinceregis-

tersR3 andR5 (Figure1(b))arenotmodifiedto performtestfunctions.Similarly if multiplexers

atright inputportsof A1 andA2 selectLFSR6 (Figure1(b)),thetestregistersLFSR3 andLFSR5

areunnecessary. Whensametestpatternsaregeneratedby LFSR1 andLFSR6 at input ports

of A1, A2, andA3 sameoutputresponsesareexpectedat the sametime. Hencea comparator

CA is usedto checkthe outputresponses.Only a singlesignatureanalysisregisterMISR7 is

allocatedto compresstheoutputresponsesof all the modulesA1,A2, andA3 which aretested

simultaneously. ThesignatureanalysisregisterMISR7 is necessaryto detectfaultsin thecase

whenoutputresponsesof all the threemodulesA1,A2, andA3 areequalduring theentiretest

applicationperiodbut differentfrom thefault-freeoutputresponse.Theuseof comparatorsto

checktheoutputresponsesof all thesame-typemodulestestedconcurrentlysolvesthreeprob-

lems.Firstly it reducesbothBIST areaoverhead(1 MISR and1 comparatorvs. 3 MISRs)and

performancedegradation(1 MISR vs. 3 MISRsembeddedin datapath). Secondlyit reduces

fault-escapeprobability sincefaulty outputresponseswhich mapinto fault-freesignaturesin

theBIST embeddingmethodologywill bedetectedby thecomparators.And thirdly, thenum-

berof signaturesis reducedwhichhasthefollowing two implications.Ononehandthevolume

of outputdatais reducedwhich leadsto lessstoragerequiredfor testdata.On theotherhand

theoverall testapplicationtime is reduceddueto lessclock cyclesneededto shift out thetest

responses.For example,given thedatapathwidth has8 bits width, the time requiredto shift
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out theoutputresponsestoredin MISR7, MISR8, andMISR9 (Figure1(a)) is 24 clock cycles

whencomparedto only 8 clockcyclesrequiredto shift out theoutputresponsestoredin MISR7

(Figure1(b)).

Solutionsusingcomparatorsdescribedin [27] to enhancefault escapeprobabilityarebased

onduplicatecircuitry realizedin complementaryform leadingto hugeBIST areaoverhead.The

proposedBIST methodologyis fundamentallydifferentwherenoduplicatecircuitry is required

andcomparatorsarecheckingtheresponsesof same-typemoduleswhichareinstancesof same

moduleprototype.ThismakestheproposedBIST methodologysuitablefor complex datapaths

with high numberof same-typemodulesgeneratedautomaticallyby modernCAD tools. The

goal of the proposedBIST methodologyis to testall the modulesof the datapathwhich are

randompatternresistantandpresenttestabilityproblems.A partof thesteeringlogic andinter-

connectionsaretestedfor freewhile testingthemodules.It is known thata setof four vectors

is sufficient to testa 2-to-1multiplexer of any bit width. Similarly the functionalregistersare

C-testableandnonrandompatternresistantstructures.Thecomparatorsaretheonly extraDFT

hardwareaddedfor BIST purposes.Approximately2 � n � k testpatternsarerequiredto testa

n-inputk-bit comparator. Any portionof thedatapathnot testedby theproposedBIST method-

ology is testedusinga small global setof functionalpatterns. Sincecomparatorscheckthe

responsesof same-typemoduleswhich areinherentlydifferentcones-of-logicthesmallglobal

testof functionalpatternscanbegeneratedeasilyusingthejustification/propagationtechniques

[8,9]. Thesmallglobalsetof functionalpatternsis appliedin a preliminaryphaseandhasno

impacton theoverall testapplicationtime.

2.2 Definition of TestCompatibility Classes

An RTL datapathconsistsof nreg registers,nmod two-inputmodulesof nres module-types,and

multiplexers.Beforetestcompatibilityclassconceptis introduced,it is necessaryto presentthe

following preliminarydefinitions.

Definition 1 A testregisterRx performsthe testpatterngenerationfunction(TPGF)for input

port k (IPk) of moduleMa if testpatternsfor IPk of Ma areprovidedby Rx. Let IRS
�
Ma � IPk �

denotethesetof registersthatareconnectedto IPk of Ma throughonly multiplexers.Oneand

only onetestregisterfrom IRS
�
Ma � IPk � is performingTPGFfor IPk of Ma.

Thetestregistersusedto performTPGFare: LFSRs,built-in logic block observers(BILBOs)

andconcurrentBILBOs (CBILBOs). If for eachinput port l (IPl ) of every datapathmodule,

l � 1 ����� 2 � nmod, thereis an ml -to-1 multiplexer then the total numberof pathsto drive test
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patternsto datapathmodulesis
2 	 nmod

∏
l 
 1

ml . The testabledatapathswhereboth input portsof

a modulereceive sametestpatternsarenot valid in the proposedBIST methodologydue to

the correlationbetweenidentical testpatternsat both input portswhich leadsto a substantial

decreasein fault coverage.

Definition 2 Two same-typemodules,Ma andMb, areincompatible,i.e. they cannotbetested

simultaneously, if thereis a testregisterRx that performsTPGFfor input port 1 (IP1) of Ma

andinput port 2 (IP2) of Mb, or if thereis a testregisterRy thatperformsTPGFfor IP2 of Ma

and IP1 of Mb. Two different-typemodulesareincompatibleif thereis a testregisterRz that

performsTPGFfor any inputportof Ma andany inputportof Mb. Two modulesarecompatible

if they arenot incompatible.

Having describedtestmoduleincompatibility, now the formal definition of testcompatibility

classesis given.

Definition 3 A testcompatibilityclassTCCi � j (i is calledtheclassindex, while j is calledthe

module-typeindex) is asetof modulesthatsatisfiesthefollowing threeproperties:

i. all themodulesfrom TCCi � j arecompatibleandbelongto thesamemodule-typej

ii. two test compatibility classes,TCCp � j andTCCq � l , are incompatibleif for at leastone

moduleMa from TCCp � j thereexistsat leastonemoduleMb from TCCq � l suchthatMa

andMb areincompatible.

iii. modulesfrom TCCi � j aretestedsimultaneouslyby sametestpatternsandtheoutputre-

sponsesarecheckedby ann-input k-bit comparator, wheren is thecardinalityof TCCi � j
andk is the bit-width of the datapath. A singlesignatureanalysisregistercompresses

the output responseof a singlemodulefrom TCCi � j to verify that the output response

sequenceis correct.

Thefirst propertyof TCCs(Definition3-(i)) guaranteesthatall themodulesfrom aTCCcan

sharetestpatterngeneratorsleadingto lessBIST areaoverheadandperformancedegradation,

without any penaltyin testefficiency or testapplicationtime. The secondpropertyof TCCs

(Definition 3-(ii)) indicatesthathigh numberof incompatiblemodulesshouldbe mergedin a

smallnumberof incompatibleTCCsleadingto maximumtestconcurrency andhencereduction

in testapplicationtime. Theuseof comparatorsdescribedin thethird propertyof TCCs(Def-

inition 3-(iii)) decreasesfault escapeprobability. Furthermorethe reductionin thenumberof
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signatureanalysisregistersleadsto smallervolumeof outputdataandoverall testapplication

time(thesumof testapplicationtimeandshifting timerequiredto shift out testresponses).Let

ORS
�
Mk � denotethesetof registersthatareconnectedto theoutputof moduleMk throughmul-

tiplexersonly. Theoutputregistersetof TCCi � j , ORS(TCCi � j), is theunionof outputregister

setsof all themodulesfrom TCCi � j . Thesignatureanalysisregisterfor TCCi � j is chosenfrom

ORS(TCCi � j). The test registersusedfor signatureanalysisareMISRs, BILBOs andCBIL-

BOs. Thenumberof highly expensiveCBILBOs requiredfor testingtheself-loopsin thedata

pathis reducedwhenusingtheproposedmethodologydueto the greaternumberof potential

signatureanalysisregistersfor eachTCC.While thetraditionalBIST embeddingmethodology

hasnmod signatures,theproposedBIST methodologyhasonly
nres

∑
j 
 1

nclasses
�
j � signatures,where

nclasses
�
j � is the numberof classesfor module-typej. Whennmod = nres every moduleis an

instanceof a differentmodulelibrary prototypeandaccordingto Definitions1-3 theproposed

TCC grouping methodologyis identicalwith the traditionalBIST embeddingmethodology

for RTL datapaths.Hence,theBIST embeddingmethodologyis a particularcaseof theTCC

groupingmethodologywheneachTCCconsistsof a singlemodule.

The proposedTCC groupingmethodologyis not limited to only uniform bit width data

paths.Same-typemoduleswhich belongto a TCC have thesamebit width. Howeverdifferent

moduletypescanhavedifferentbit width whichdoesnot imply any changein themethodology.

Definitions 1-3 hold for variablebit width datapaths. In the variablebit width caseTCCs

of different bit width are testedusing different bit-width for test registersand n-input k-bit

comparators.Moreover, the proposedmethodologycanhandleboth severalmoduleschained

togetherwithout any registersbetweenthem and particularcaseswhen logic/RTL synthesis

tools transformdifferentinstancesof thesamemoduletype into differentimplementationsby

consideringthemasnew module-typeswith new detectionprobabilityprofile.

Example2 To illustrate Definitions 1-3 considerthe datapath exampleof Figure 2, where

LFSR1, LFSR2, LFSR3 andLFSR4 testfour modulesof Atype, andLFSR5, LFSR6 andLFSR7

testthreemodulesof Btype. LFSR1 generatestestpatternsfor input port 1 (IP1) of A1 andA2

andfor input port 2 (IP2) of A3. LFSR2 generatestestpatternsfor the IP2 of A1 andA2 andfor

IP1 of A4. LFSR3 generatestestpatternsfor IP1 of A3 whilst LFSR4 providestestpatternsfor

IP2 of A4. ModulesA1 andA2 belongto TCC0 � 0 (classindex is 0 andAtype index is 0). Due

to incompatibilitiesbetweenA1 andA3 andbetweenA2 andA4, modulesA3 andA4 belongto

TCC1 � 0 (classindex is 1). Similarly, modulesB1, B2 andB3 areall compatibleandbelongto

TCC0 � 1 (classindex is 0 andBtype index is 1). Giventhebit-width of thedatapathas8 bits the
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outputresponsesof modulesfrom TCC0 � 0 arecomparedby a 2-input8-bit comparator(CA1).

Similarly, theoutputresponsesof modulesfrom TCC1 � 0 arecomparedby another2-input8-bit

comparator(CA2). On theotherhand,outputresponsesof modulesfrom TCC0 � 1 arecompared

by a 3-input 8-bit comparator(CB1). If any error occursduring testing,the Pass� Fail signal

will beactivatedandthetestingprocesswill stop.TheoutputregistersetORS(A1) is 
 R7 � , the

ORS(A2) is 
 R8 � , theORS(A3) is 
 R7, R9 � andtheORS(A4) is 
 R10 � . HencetheORS(TCC0 � 0)

is 
 R7 � R8 � andthe ORS(TCC1 � 0) is 
 R7 � R9 � R10 � . Similarly, the ORS(TCC0 � 1) is 
 R11 � R12 � .
Any of thesetwo registersR11 and R12 can be configuredas signatureanalysisregister for

TCC0 � 1. Theprocedurethatchoosesthebestsignatureanalysisregisteris presentedin section

3.3. For datapathexamplein Figure2 thechosensignatureanalysisregisterfor TCC0 � 1 is R12

whilst bothTCC0 � 0 andTCC1 � 0 useR7 assignatureanalysisregisterat differenttesttimes.

3 New BIST hardware synthesisalgorithm for TCC group-
ing

Having describedtheTCC groupingmethodology, now a BIST hardwaresynthesisalgorithm

is considered.As outlinedin section2, theBIST embeddingmethodologyis a particularcase

of the TCC groupingmethodologywhereeachTCC consistsof a singlemodule. Therefore,

testabledesignspacefor the TCC groupingmethodologyis much larger andmore complex

thantestabledesignspacefor theBIST embeddingmethodology. Thepreviousapproaches[17–

22] which trade-off thequality of thefinal solutionandthecomputationaltime areunsuitable

for the sizeandcomplexity of the TCC groupingmethodology. This sectionpresentsa new

and efficient testabledesignspaceexploration which combinesthe accuracy of incremental

testschedulingalgorithms[19] with theexplorationspeedof testschedulingalgorithmsbased

on fixed testresourceallocation[20–22]. Section3.1 outlinesthe generalframework of tabu

search-basedtestabledesignspaceexploration. Section3.2 presentsthe generationof new

solutionsand speedup techniquesfor local neighborhoodsearch. Finally in section3.3 an

incrementalTCC schedulingalgorithmfor eachsolutionis proposed.

3.1 Tabu search-basedtestabledesignspaceexploration

Tabu search[33] wasproposedasa generalcombinatorialoptimizationtechnique.Tabu search

falls underthelargercategory of move-basedheuristicswhich iteratively constructnew candi-

datesolutionsbasedon theneighborhoodthat is definedover thesetof feasiblesolutionsand

the history of optimization. The neighborhoodis implicitly definedby a move that specifies
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how onesolutionis transformedinto anothersolutionin a singlestep.Thephilosophyof tabu

searchis to derive andexploit a collectionof principlesof intelligent problemsolving. Tabu

searchcontrolsuphill movesandstimulatesconvergencetowardglobaloptimaby maintaining

a tabu list of its r mostrecentmoves,wherer is calledtabu tenureandit is a prescribedcon-

stant.Occasionally, it is usefulto overridethetabu statusof amovewhenthemoveis aspirated

(i.e., improvesthesearchanddoesnotproducecycling neara localminima).Tabu searchbased

heuristicsare simple to describeand implement. Furthermore,a well definedcost function

andtheuseof topologicalinformationof thedesignspacewill leadto an intelligentsearchof

high quality solutionsin very low computationaltime. Beforetheproposedtabu search-based

testabledesignspaceexplorationis described,it is necessaryto presentthefollowing definition.

Definition 4 A solution in the testabledesignspaceis a partially testabledatapath PT-DP

wheretestpatterngeneratorsareallocatedfor eachdatapathmodule.A fully testabledatapath

FT-DP is generatedby allocatingsignatureanalysisregistersfor eachtestcompatibility class

of thepartially testabledatapath.

The proposedtabu search-basedtestabledesignspaceexplorationis summarizedin Figure3.

The algorithmstartswith an initial solutionwhich is a partially testabledatapathPT-DPinit

obtainedby randomlyassigningasingletestpatterngeneratorto eachinput portof everymod-

ule from thedatapathasshown from lines1 to 4. During theoptimizationprocess(lines5 to

21) for eachcurrentsolutionPT-DPcurrent , a numberof nreg neighborsolutionsaregenerated

asdescribedin section3.2. Testapplicationtime Tx andBIST areaoverheadAx arecomputed

aftera fully testabledatapathFT-DPx anda testscheduleSx aregeneratedusingthealgorithms

from section3.3,asshown from lines8 to 12. Theoptimizationprocessis guidedtowardsthe

objectiveof minimal testapplicationtimedesignby acostfunctionwhich is definedasfollows.

Definition 5 Thecostfunctionis a 2-tupleCx � �
Tx � Ax), whereTx is thetestapplicationtime,

Ax is theBIST areaoverheadandthefollowing relationsaredefined:

i. Cx1 � Cx2 if (Tx1 � Tx2) and(Ax1 � Ax2)

ii. Cx1 � Cx2 if (Tx1 � Tx2) or (Tx1 � Tx2 andAx1 � Ax2)

iii. Cx1 � Cx2 if (Tx1 � Tx2) or (Tx1 � Tx2 andAx1 � Ax2)

Themainobjective of thecostfunction is testapplicationtime with BIST areaoverheadused

astie-breakingmechanismamongmany possiblesolutionswith sametestapplicationtime. It
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shouldbe notedthat the minimizationof otherparametersoutlinedin section2, performance

degradation,volumeof outputdata,overall testapplicationtimeandfault escapeprobability, is

a by-productof theproposedoptimzationusingthepreviously definedcostfunction. Basedon

the valueof thecostfunction andon the tabu statusof a move, a new solutionis acceptedor

rejectedasdescribedfrom lines14to 19in Figure3. Thetabu list containsregistersinvolvedin

amoveasdescribedin section3.2.A moveis classifiedastabu if aregisterinvolvedin themove

is presentin thetabu list. Thetabu tenure(lengthof thetabu list) variesfrom 5 (smalldesigns)

to 10 (complex designs).A move is aspiratedasshown in line 14 if it hasproduceda solution

which is betterthan the bestsolution reachedso far. The testabledesignspaceexploration

continuesuntil the numberof iterationssincethe previous bestsolutionexceedsa predefined

Niter.

3.2 Generation of new solutionsand speedup techniquesfor local neigh-
borhood search

The neighborhoodof the currentsolutionin the testabledesignspacePT-DPcurrent is defined

with nreg feasibleneighborsolutions.For eachdatapathregisterthereis a singleneighborso-

lution. Eachof thenreg solutionsis providedby anindependentsubroutinedesignedto identify

betterconfigurationof testregistersbasedon two new metrics.Dueto thehugesizeandcom-

plexity of thetestabledesignspace,speedup techniquesfor efficient explorationarerequired.

Beforedefiningtheneighborsolutionfor eachregistertwo new metricsanda theoremusedfor

reducingthetestabledesignspacearepresented.

Definition 6 The currentspatialsharingdegreeCSSD
�
Rx � j � IPk � of register Rx for input port

k (IPk) of module-type j is the numberof modulesof j for which Rx performstest pattern

generationfunction(TPGF)for IPk in thecurrentpartially testabledatapath.

Definition 7 ThemaximumspatialsharingdegreeMSSD
�
Rx � j � IPk � of registerRx for inputport

k (IPk) of module-typej is thenumberof modulesof j for whichRx canperformTPGFfor IPk.

Thevalueof MSSD
�
Rx � j � IPk � is thecardinalityof thesetof modulesof module-typej whose

IPk is connectedto Rx throughonly multiplexers.

Thefollowing theorempresentsa very importanttheoreticalresultwhich hastwo implications

on speedingup local neighborhoodsearch.See[34] for theproof.

Theorem 1 Considertwo currentsolutions,PT-DP1
current andPT-DP2

current , with differentCSSD
�

Rx � j � IPk � for given Rx, j and IPk. In PT-DP1
current the currentspatialsharingdegreeis 0 �
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CSSD
�
Rx � j � IPk � � MSSD

�
Rx � j � IPk � , whilst in PT-DP2

current thecurrentspatialsharingdegreeis

CSSD
�
Rx � j � IPk � � MSSD

�
Rx � j � IPk � . ThenPT-DP2

current hasat mostthenumberof TCCsasPT-

DP1
current .

The first implication of the theoreticalresult of Theorem1 reducesthe total testabledesign

spaceto the representativetestabledesignspace.The total testabledesignspaceconsistsof

partially testabledatapathswith all the possiblevalues0 � CSSD
�
Rx � j � IPk � � MSSD

�
Rx � j � IPk �

suchthat all themodulesareassignedoneandonly onetestpatterngenerator. The represen-

tative testabledesignspaceconsistsof partially testabledatapathsfor which CSSD
�
Rx � j � IPk �

is consideredonly MSSD
�
Rx � j � IPk � suchthat all the modulesareassignedoneandonly one

testpatterngenerator. Considerthe simpledatapathof Figure1. In the first casewhenthe

currentspatialsharingdegreefor R1 is CSSD
�
R1 � Atype� IP1 � � 1 two moretestregistersLFSR3

andLFSR5 arenecessaryto generatetestpatternsfor IP1 of modulesA2 andA3 asshown in

Figure1(a). On theotherhandwhenCSSD
�
R1 � Atype� IP1 � � MSSD

�
R1 � Atype� IP1 � � 3 only one

testpatterngeneratoris necessaryto generatetestpatternsfor IP1 of all the threemodulesas

shown in Figure1(b). ThecasewhenCSSD
�
R1 � Atype� IP1 � � 1 hasgreaterBIST areaoverhead

andperformancedegradationdueto LFSR3 andLFSR5. Furthermoreif the simpledatapath

of Figure1 is a smallpartof a morecomplex datapath,whereLFSR3 andLFSR5 arealready

allocatedto performTPGFfor differentmodule-types,assigningLFSR3 andLFSR5 to perform

TPGFfor IP1 of A2 andA3 respectively, will introduceconflictsbetweentestresourceslead-

ing to incompatiblemodulesandhenceincreasein testapplicationtime. Theorem1 justifies

the reductionof the total testabledesignspacewhereall theCSSD
�
R1 � Atype� IP1 � ��
 0 � 1 � 2 � 3 �

areexaminedin thesearchof feasiblepartially testabledatapathsto therepresentative testable

designspacewhereonly CSSD
�
R1 � Atype� IP1 � � 3 is considered.

The secondimplication of the theoreticalresultof Theorem1 is concernedwith efficient

generationof movesin the representative testabledesignspace.Generationof a move in the

testabledesignspacefor registerRx consistsof two phases:

i. Thefirst phasecomputes:� x
�
j � IPk � � MSSD

�
Rx � j � IPk � � CSSD

�
Rx � j � IPk � ; � x is ametric

thatmeasuresthedifferencebetweenthepotentialandactualuseof Rx asa testpattern

generatorfor IPk of j modules.Notethereare2 � nres valuesof � x for eachregisterRx.

ii. In thesecondphasethemove for Rx thathasthemaximumvalueof � max is chosen.If

therearetwo or more jm and/orIPkn for which � x
�
jm � IPkn � ��� max themovefor jm and

IPk with themaximumvalueof MSSD
�
Rx � jm � IPk � is chosen.
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Let jmaxbetheindex of module-typeandkmaxbetheindex of inputportfor which � max is max-

imum. Let 
 M1 � ����� � Mn � bethesetof modulesof module-typejmax whoseIPkmax is connected

to Rx throughonly multiplexers.Beforethemove,Rx performsTPGFfor 
 M1 � ����� � Mt � , whilst


 Ry1 � Ry2 � ����� � Rym � performTPGFfor 
 Mt � 1 � ����� � Mn � . After themove,Rx performsTPGFfor


 M1 � ����� � Mn � , whilst CSSD
�
Ryi � jmax� IPkmax� aredecreased,with i � 1 ����� m. Thepreviously de-

scribedtwo phasesarerepeatedfor eachdatapathregisterandhencea neighborhoodof nreg

feasiblesolutionsis generated.Increasingthecurrentspatialsharingdegreeof theselectedtest

registersleadsto asmallernumberof testpatterngeneratorsandhencereductionsin BIST area

overheadandperformancedegradation.Furthermore,thenumberof incompatibilitiesbetween

TCCsis decreasedwhichleadsto lowertestapplicationtime. Moreoverthemostimportantfea-

tureof thelocal neighborhoodsearchis thespeedup techniquefor efficientexplorationcaused

by reductionin thesizeof thetestabledesignspaceto beexplored.

3.3 Incr ementalTCC schedulingalgorithm

Sofar thetestabledesignspaceto beexploredwasreducedwith respectto thenumberof test

registersrequiredfor testpatterngenerationusingthespeedup techniquesfor local neighbor-

hoodsearch.Thealgorithmsoutlinedin thissectionfurthershrinkthesizeof thetestabledesign

spaceby consideringsimultaneousTCC schedulingandsignatureanalysisregistersallocation

for eachpartially testabledatapathgeneratedby localneighborhoodsearch.Firstly theassign-

mentof every datapathmoduleto testcompatibility classesto maximizetestconcurrency is

summarized.Secondlythealgorithmfor simultaneousTCC schedulingandsignatureanalysis

registersallocationis described.

To achieve maximumtestconcurrency it is requiredthat a large numberof different-type

testcompatibilityclassesarecompatible.Following thesecondpropertyof TCCs(Definition

3-(ii)) ahighnumberof incompatiblemodulesaresoughtto bemergedin asmallnumberof in-

compatibleTCCs.Thiswill reducethenumberof edgesin theglobaltestincompatibilitygraph

which is definedasfollows. A global test incompatibility graph(G-TIG) is a graphwherea

nodeappearsfor every TCC andanedgeexistsbetweennodesif testcompatibilityclassesare

incompatible.All the edgesfrom G-TIG belongto the edgesetE. The generationof G-TIG

is carriedout in threesteps. The first stepassignsincompatiblesame-typemodulesinto test

compatibilityclassesandgeneratestheinitial G-TIG. Datapathmodulesthatareincompatible

with different-typemodulesareconsideredin thesecondstep. Unassigneddatapathmodules

areassignedto the alreadyexisting TCCssuchthat the numberof incompatibilitiesbetween

different-typeTCCsis decreasedleadingto maximumtestconcurrency. In the third stepunas-

14



signedmoduleswhich arecompatiblewith all TCCsareaddedto TCCssuchthatan increase

in theoutputregisterset(ORS) of eachTCC is achieved. This reducesthenumberof conflicts

betweensignatureanalysisregistersthatareallocatedduring thetestschedulingprocesslead-

ing to lower testapplicationtime. Theproposedalgorithmfor generationof G-TIG guarantees

by constructionthatevery moduleis assignedto a TCC andthenumberof nodesandedgesin

G-TIG is minimum. This impliesmaximumtestconcurrency of thepartially testabledatapath

which is agoodstartingpoint for theincrementaltestschedulingalgorithm.

Testschedulingis performedusing the global test incompatibility graphdescribedprevi-

ously. Fault setsof different-typemoduleshave differentdetectionprobabilityprofilesasout-

lined in section2.2. Hence,TCCs of different module-typesneeddifferent test application

timesto satisfy the requiredfault coverage. Thus, the TCC schedulingalgorithmdealswith

unequaltestlengths.Thetestschedulingalgorithmfor partitionedtestingwith run to comple-

tion from [20] needsto be modifiedsuchthat testschedulingandsignatureanalysisregisters

allocationis donesimultaneously. Unlike the algorithm2M from [20] which schedulestests

for a fixedtestresourceallocationandthusleadingto inefficient designspaceexploration,the

proposedalgorithmsimultaneouslyschedulesTCCsandallocatessignatureanalysisregisters.

This leadsto bothmoreefficient testabledesignspaceexplorationandhighertestconcurrency

sinceconflictsbetweensignatureanalysisregistersareavoided. In orderto clarify theneces-

sarymodificationstwo morenotationsare introduced:U is the setof usedtest registersthat

have compressedoutputresponsesat a previoustesttime andB is thesetof busytestregisters

thatarecompressingoutputresponsesat the currenttesttime. The following threenecessary

modificationsarecarriedout to algorithm2M from [20] in orderto performsimultaneousTCC

schedulingandsignatureanalysisregisterallocation.

i. if all the registersin ORS
�
TCCi � j � arebusy at the currenttest time then testTCCi � j is

removedfrom thecandidatenodesetbeingpostponedfor a later testtime; otherwisefor

every availableregisterRk in ORS
�
TCCi � j � , it is checkedwhetherRk belongsto theused

testregistersetandtheRk with themaximumfanin is chosen;this choicewill allow Rk

to bereusedat a latertesttime.

ii. whenthe shortestcurrentlyactive testTCCi � j is completed,the testregisterRk that has

servedassignatureanalysisregisteris removedfrom thebusyregistersetB andaddedto

theusedregistersetU .

iii. after the completionof testschedulingall the registersfrom the usedregistersetU are

modifiedto signatureanalysisregisters;thealgorithmreturnsatestscheduleSandafully
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testabledatapathFT-DP which areusedto computetestapplicationtime andBIST area

overheadin thetabu searchtestabledesignspaceexploration(Figure3).

The first modificationsolvesthe conflictsbetweensignatureanalysisregistersduring the test

schedulingprocessreducingboth thesizeof the testabledesignspaceto beexploredandtest

applicationtime. Thustheefficiency of testabledesignspaceexplorationis improvedby com-

bining theaccuracy of incrementaltestschedulingalgorithmswith theexplorationspeedof test

schedulingalgorithmsbasedon fixedtestresourceallocation.Thesecondandthird modifica-

tions reducethenumberof signatureanalysisregistersby reusingthemat differenttesttimes

leadingto furtherreductionsin BIST areaoverhead,performancedegradation,andoverall test

applicationtime.

4 Experimental results

The BIST hardwaresynthesisfor the TCC groupingmethodologyhasbeenimplementedon

SUN SPARC 20 workstationusing6000linesof C++ code.To give insight into theefficiency

of testabilityachievedusingthe presentedapproachTable1 shows a comparisonof BIST re-

sourcesandtestapplicationtime (TAT) usingtheBIST embeddingmethodologyandtheTCC

groupingmethodology. The resultsfor the BIST embeddingmethodologywereobtainedus-

ing the sameBIST hardwaresynthesisalgorithmassumingthat every pair of modulesin the

datapatharedifferent
�
nres � nmod� asdescribedin section2.2. Thecomparisonis carriedout

for a numberof benchmarkexamplesincludingelliptic wave digital filter (EWF) and8 and32

point discretecosinetransform(DCT). The benchmarksweresynthesizedusingthe ARGEN

high-level synthesissystem[35,36] for differentexecutiontime constraintsrangingfrom 10 to

40. For example,in the caseof EWF-17we have 6 modules(MOD), 3 multipliers (*) and3

adders(+), and12 registers(REG).Thetestapplicationtime lengthsof addersandmultipliers

areassumedto be T� � T, andrespectively T��� 4 � T, whereT is a reasonablylarge integer

andcanbeestimatedfor therequiredfault coverageusingthetechniquesfrom [37]. It should

benotedthattheproposedBIST hardwaresynthesisalgorithmfor RTL datapathsprovidesthe

flexibility of specifyingthe testapplicationtime for the expectedfault coverageof 100%for

eachdatapathmodule. In the experimentalresultsreportedin this sectionit wasconsidered

T � 64, andhenceT� � 64 andT��� 256, for achieving 100%fault coveragefor each8 bit

datapathmodulewhich is comparablewith the test lengthvaluesreportedin [19]. To vali-

datetheassumptionregardingtestlength,adderandmultiplier moduleshave beensynthesized

andtechnologymappedinto AMS 0.35microntechnology[38]. Subsequentlyparallelpattern
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singlefault propagationfault simulator[39] hasshown thatT � 64 is valid for 8 bit datapath

modules.In generaltheTCC groupingmethodologyproduceslesstestregistersthantheBIST

embeddingmethodology. For example,in thecaseof EWF-20thenumberof LFSRsis reduced

from 6 to 4, andthe numberof MISRs is reducedfrom 4 to 2. Thereis further reductionas

thedesigncomplexity increases.For example,in thecaseof 32DCT-33 thenumberof LFSRs

is reducedfrom 30 to 14, andthenumberof MISRsis reducedfrom 19 to 2. Thereductionin

testregistersin caseof TCC groupingis achievedat theexpenseof comparators.In thecaseof

32DCT-33 thereareone5 input comparator(C5),one6 input comparator(C6) andone8 input

comparator(C8). However, theTCC groupingmethodologyrequiresreducedBIST areaover-

headwhencomparedwith theBIST embeddingmethodologyasshown in Table2 for datapath

width varying from 4-bit up to 16-bit. Note that the proposedBIST methodologyis capable

of dealingwith variablebit width datapathsasoutlinedin section2.2. BIST areaoverheadis

computedusingtheequivalentnumberof 2 input gatesrequiredto modify functionalregisters

into LFSRs,MISRs andBILBOs, if applicable,and for implementingthe comparators.For

benchmarkcircuit 32DCT-33 thereductionsin BIST areaoverheadin termsof equivalentgates

areof 45.63%in thecaseof 4-bit datapath,43.72%in thecaseof 8-bit datapathand42.65%in

thecaseof 16-bit datapath.But therearecasessuchasEWF-17and8DCT-13 wheretheBIST

embeddingmethodologyproducesbetterBIST areaoverheads.Thishasbeenachievedwithout

reachingthe minimal TAT. For examplecircuits EWF-17and8DCT-13 reductionsof 20% in

TAT areachievedby theTCCgroupingmethodology. This resultis derivedusingtheTAT from

Table1, wheretheminimumreachedTAT for theTCC groupingmethodologyis 5 � T, andfor

theBIST embeddingmethodologyis 4 � T.

Sofarthereductionsin TAT andBISTareaoverheadachievedby theTCCgroupingmethod-

ology whencomparedto theBIST embeddingmethodologywereoutlined.Table2 alsoshows

thereductionsin numberof testregisters(TR), volumeof outputdata(VOD), andoverall test

applicationtime (overall-TAT). Thereductionin TR representsthereductionin thenumberof

datapathregistersmodifiedin testregistersandit mayhave direct impacton theperformance

degradation(clock period). For examplethe reductionin TR for EWF-17is 22.22%.The re-

ductionin TR is increasedup to 67.35%asin thecaseof 32DCT-33. Similarly the reduction

VOD variesfrom 33.33%in the caseof EWF-17up to 90.48%in the caseof 32DCT-30 and

32DCT-31. The volumeof output datais considereddirectly proportionalto the numberof

signatureanalysisregisters.Thenumberof signatureanalysisregistersis very smalldueto the

large numberof modulesgroupedin TCCsandreuseof signatureanalysisregistersat differ-

ent test times. The volumeof outputdatadoesnot have impactonly on the storagerequired

17



for testdatabut alsoon theoverall testapplicationtime which consistsof the testapplication

time (TAT) andtheshifting time requiredto shift out thetestresponsesat theendof thetesting

process.Theshifting time requiresnSA
� k clock cycles,wherenSA is thenumberof signature

analysisregistersandk is thedatapathwidth. Thelastcolumnof Table2 showsthereductionin

overall-TAT giventhedatapathwidth as8 bits andT � 64. It shouldbenotedthatdueto high

testconcurrency, low testapplicationtime requiredfor eachdatapathmodule(T � 64), and

high numberof testregisters,thevalueof shifting time is comparableto testapplicationtime.

This implies that theproposedBIST methodologyleadsto substantialsavings in overall-TAT

dueto thereductionin signatureanalysisregisters.For all benchmarkcircuitswherebothBIST

embeddingandTCCgroupingmethodologiesachievedminimaltestapplicationtime(4 � T) the

overall-TAT is reducedin thecaseof theTCC groupingmethodologydueto a smallernumber

of signatureanalysisregisters.For example,in thecase32DCT-30 the overall-TAT reduction

achievedby theTCCgroupingmethodologywhencomparedto theBIST embeddingmethodol-

ogy is 35.85%.TheBIST hardwaresynthesisalgorithmhasexcellentcomputationaltime. The

CPUtime requiredto achieve lowestTAT for benchmarkcircuits is shown in the last column

of Table1. For example,in thecaseof EWF and8 point DCT designs,thecomputationaltime

variesfrom 0.7sto 3s. In thecaseof designswith hugetestabledesignspacelike32pointDCT,

high quality solutionsareachieved in computationaltimesrangingfrom 38sto 130s. A high

qualitysolutionis a fully testabledatapathwith testapplicationtimeequal(or almostequal)to

thelongesttestapplicationtimerequiredto testthemostrandompatternresistantmodule(4 � T

in thecaseof benchmarkcircuitsof Table1). It shouldbenotedthatdespitethe fact that test

registersandtestscheduleof thefinal solutionaredependenton theinitial randomassignment

of test registers,the quality of the final solution (in termsof testapplicationtime andBIST

areaoverhead)is independenton theinitial randomassignmentdueto intelligentneighborhood

searchoutlinedin section3.

Although theemphasisof thework presentedin this paperis on built-in self-testabledata

pathsthefollowing discussionclarifiestheissueof controllingthecontrolleroutputswhile test-

ing thedatapath,andthatof testingthecontrolleritself. SincetheproposedBIST methodology

targetsdataflow intensiveapplicationsthereareonly a few flip flopsrequiredto implementthe

functionalcontroller. For example,in the caseof 32DCT-30 only 5 flip flops implementthe

30 controlstates.Sincecontrolsignalsneedto becontrolledduring testing,a BIST controller

is synthesized.However, thesizeof theBIST controlleris small andtheBIST controllercan

easilybemergedwith thefunctionalcontrollerfor bothcontrollingthesignalsduringdatapath

testingandtestingthecontrolleritself. This leadsto insignificantareaoverheadwhencompared
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to thesizeof thedatapath.For example,in thecaseof 32DCT-30 theBIST controllerconsists

of 1 flip flop which indicatesthatdatapathis in testmode,6 flip flopsimplementingthepattern

counter(T � 26), 2 flip flops implementingtestapplicationcontroller(TAT=4 � T) and1 flip

flop thatswitchesbetweenthephasesof testapplicationandshifting out testresponses.There-

fore the entirecontroller (both functional andBIST controller) hasonly 15 flip flops which

is insignificantwhencomparedto the sizeof datapath (60 registersof which 18 LFSR and

2 MISR asshown in Table1). The control signalscontrolling the datapatharesynthesized

usingboth functionalandtestspecificationandthecontrol logic (which is insignificantwhen

comparedto only onedatapathmultiplier) is testedby configuringcontrollerinto aLFSR.This

doesnot addany performancedegradationfor dataflow intensive applicationssincetheclock

periodis constrainedby thecritical pathin thecomplex datapath. Furthermore,both thesize

of themergedcontrollerandtestapplicationtime of thecontrolleris smallerin thecaseof the

proposedTCC groupingwhencomparedto BIST embeddingdueto smallernumberof cycles

requiredto shift out testresponsesandlesslogic requiredto implementcontrolsignalsduring

testing.If therandompatternsgeneratedby theLFSRarenotsatisfactoryto detectall thefaults

in thecontrollersomeadditionalDFT suchasscanneedsto be inserted.To provide thecom-

pletetestscenario,thework in [8,9] lendsitself well for theuntestedmultiplexersandregisters

sincethey necessitateonly 4 testpatternsregardlessof thebit width. Thereforeit is likely that

thesizeof theglobalsetof functionalpatternsmentionedin section2.1will besmall.

TheBIST hardwaresynthesisfor TCC groupingmethodologyallows thehugetestablede-

signspaceto beexploredefficiently by combiningtheaccuracy of incrementaltestscheduling

algorithmsandtheexplorationspeedof testschedulingalgorithmsbasedon fixedtestresource

allocation,asoutlinedin section3. Thismeansit canbeusedwith extremelycomplex hypothet-

ical designsof dimensionsnot often reportedin literature. Complex hypotheticaldatapaths1

have beengeneratedasdescribedin the following. The numberof modulesnmod variesfrom

35 to 45,andthenumberof registersnreg variesfrom 90 to 115. Thenumberof module-types

is nres � 5. The maximumfanin for every registeror input port of a moduleis M f anin � 8.

The input registersetof eachinput port of every modulecontainsa randomnumbernr , with

1 � nr � M f anin, of randomlychosenregisters.Similarly, thenumberof modulesmultiplexed

at the input of eachregisteris a randomnumbernm, with 1 � nm � M f anin, of randomlycho-

senmodules.The TAT of threemodule-typesis assumedT, andin the caseof the othertwo

module-typestheTAT is considered4 � T. Figure4 clearlydemonstratesthattheTCCgrouping

methodologyovercomestheproblemsof theBIST embeddingin dealingwith complex hypo-
1Thecomplex hypotheticaldatapathsareavailableon requestfrom theauthors
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theticaldatapaths.Thecomplex hypotheticaldatapathshavebeenlabelledEX � 1 to EX � 9.

For most of the designsthe proposedTCC groupingreducesTAT when comparedto BIST

embedding.However, whenbothBIST embeddingandTCCgroupingachieve low TAT, there-

ductionsin BIST areaoverhead,numberof testregisters(impactonperformancedegradation),

volumeof outputdataandoverall testapplicationtimearesubstantial.For examplein thecase

of EX-9reductionsof 50%in TAT, 23%in BAO, 47%in TR, 94%in VOD and61%in overall

TAT areachieved. Furthermore,thecomputationaltime for obtaininghigh quality solutionsis

still very low relatedto thesizeof thetestabledesignspace.For exampleit took lessthan600s

to find highquality solutionsfor datapathswith 45 modulesandup to 115registers.

Finally, Figure5 shows how theproposedTCC groupingmethodologydecreasesthefault-

escapeprobability when comparedto the BIST embeddingmethodology. The experiments

weredonefor a datapathmodulewith possible106 error sequences,wherethealiasingerror

sequences,for a givencharacteristicpolynomialof signatureanalysisregister, vary from 10 to

90. Fault-escapeprobabilityof a modulevariesfrom Pm � 0 � 01%to Pm � 0 � 09%. As it canbe

seenfrom Figure5(a),in thecaseof BIST embeddingmethodologythefaultescapeprobability

for groupof modules
�
Pg � increasesasthenumberof modulestestedsimultaneouslyincreases.

On the other hand, in the caseof the TCC grouping, the fault-escapeprobability decreases

exponentiallywith thenumberof modulestestedsimultaneouslyasshown in Figure5(b). This

is due to the fact that a fault is not detectedin the TCC groupingmethodologyonly when

initially then-input k-bit comparatorfails to detectthe fault andsubsequentlythesignatureof

aTCCalsofails to detectthefault. A previouswork on reducingfault-escapeprobabilityat the

expenseof increasedareaoverhead,performancedegradation,andvolumeof outputdatawas

presentedin [40]. Note that theproposedmethodologydoesnot introduceany areaoverhead,

nor performancedegradation,whilst thereductionin fault-escapeprobabilityis exponential.

5 Conclusion

This paperhasaddressedthetestabilityof RTL datapaths.It hasbeenshown thatanimprove-

mentin termsof testapplicationtime, BIST areaoverhead,performancedegradation,volume

of outputdata,overall testapplicationtime (thesumof testapplicationtime andshifting time

requiredto shift out test responses)andfault-escapeprobability is achieved using the newly

introducedtestcompatibilityclasses-basedmethodology. Thenew BIST methodologyis based

on groupingmoduleswith identicalphysicalinformationinto TCCsandtestingthecompatible

modulesby sharinga smallnumberof testpatterngeneratorsat thesametesttime. An n-input
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k-bit comparatorchecksmoduleoutput responsesfrom eachTCC reducingthe fault-escape

probability� andthenumberof signaturesthathave to beshiftedout. TheproposedTCC group-

ing methodologyis suitablefor RTL datapathswith both uniform andvariablebit width. A

new BIST hardwaresynthesisusesefficient tabu search-basedtestabledesignspaceexploration

which combinesthe accuracy of incrementaltestschedulingalgorithmswith the exploration

speedof testschedulingalgorithmsbasedonfixedtestresourceallocation.Thehugesizeof the

testabledesignspaceis reducedby consideringonly the representative partially testabledata

pathsduringthelocal neighborhoodsearch.An incrementalTCC schedulingalgorithmfurther

shrinksthesizeof thetestabledesignspaceby generatingafully testabledatapathusingsimul-

taneoustestschedulingandsignatureanalysisregistersallocation. BIST hardwaresynthesis

algorithmfor theproposedTCCgroupingmethodologyhasbeentestedexhaustively for bench-

mark andcomplex hypotheticaldatapaths. Whencomparedto the traditionalBIST embed-

ding methodology, theTCC groupingmethodologyis capableof reducingthe testapplication

time with comparableof even lower BIST areaoverheadandhigh reductionsin performance

degradation,volumeof outputdata,fault-escapeprobability andoverall testapplicationtime.

FurthermoretheproposedBIST hardwaresynthesisalgorithmachieveshighqualityof thefinal

solutionin low computationaltime.

TheproposedmethodologyandtheBIST hardwaresynthesisalgorithmhavebeensuccess-

fully integratedin high-level synthesisdesignflow [36] leadingto lowerdesigncycleby consid-

eringtestabilityathigherlevelsof abstractionthanthegate-level. Thisreinforcestheconclusion

reachedrecentlyby otherresearchers[6–8] thattestabilityof digital circuitsis bestexploredand

optimizedat theregistertransferlevel. SincetheproposedmethodologytargetsRTL datapaths

of dataflow intensivedesignsfuturework will investigateintegratedcontroller/datapathtesting

for bothdataflow andcontrolflow intensivecircuits.
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ALGORITHM: TestableDesignSpaceExploration
INPUT: Data PathDP
OUTPUT: Fully TestableDataPathFT-DPbest

1 for everymoduleMa from DP with a � 1 � ����� � nmod do
2 for every inputport IPk of Ma with k � 1 � 2 do
3 chooserandomlyRx from IRS

�
Ma � IPk �

andassignit to performTPGF(this resultsinto PT-DPinit )
4 PT-DPcurrent ' PT-DPinit

5 repeat
6 for eachregisterRx from PT-DPcurrent with x � 1 � ����� � nreg do 

7 generatethenew solutionPT-DPx (section3.2)
8 generateaglobaltestincompatibilitygraphT usingPT-DPx

(section3.3)
9 generatetestscheduleSx andfully testabledatapathFT-DPx

usingT andPT-DPx by simultaneoustestschedulingand
signatureanalysisregistersallocation(section3.3)

10 computetestapplicationtimeTx usingtestscheduleSx

11 computeBIST areaoverheadAx usingFT-DPx

12 �
13 for eachFT-DPx orderedusingTx andAx do 

14 if not tabu(FT-DPx) or aspirated(FT-DPx) then 

15 PT-DPcurrent ' PT-DPx

16 if bestsolutionsofar then
17 FT-DPbest ' FT-DPx

18 break
19 �
20 �
21 until iterationssincepreviousbestsolution � Niter

22 return FT-DPbest

Figure3: Tabu search-basedtestabledesignspaceexploration
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M R BIST embedding TCC grouping CPU
Design O E BIST resources

TAT
BIST resources

TAT
time

D G Testregisters TestRegisters Comparators (s)
EWF-17 3*,3+ 12 6 LFSR,3 MISR 5 ( T 5 LFSR,2 MISR 2 C3 4 ( T 1.05
EWF-18 2*,3+ 12 5 LFSR,4 MISR 4 ( T 5 LFSR,1 MISR 1 C3,1 C2 4 ( T 2.17
EWF-19 2*,2+ 12 6 LFSR,4 MISR 4 ( T 4 LFSR,2 MISR 2 C2 4 ( T 0.73
EWF-20 2*,2+ 12 6 LFSR,4 MISR 4 ( T 4 LFSR,2 MISR 2 C2 4 ( T 0.75
EWF-21 2*,3+ 13 5 LFSR,4 MISR 5 ( T 5 LFSR,2 MISR 2 C2 4 ( T 1.58
EWF-23 1*,2+ 11 5 LFSR,3 MISR 4 ( T 4 LFSR,2 MISR 1 C2 4 ( T 0.69

8DCT-10 4*,4+ 15 7 LFSR,6 MISR 5 ( T 8 LFSR,3 MISR 2 C2,1 C4 4 ( T 2.56
8DCT-11 4*,3+ 15 8 LFSR,7 MISR 5 ( T 6 LFSR,2 MISR 1 C3,1 C4 4 ( T 2.57
8DCT-12 4*,3+ 16 8 LFSR,6 MISR 5 ( T 8 LFSR,2 MISR 1 C3,1 C4 4 ( T 1.86
8DCT-13 4*,4+ 16 9 LFSR,5 MISR 5 ( T 8 LFSR,2 MISR 2 C4 4 ( T 2.67
8DCT-14 3*,3+ 16 9 LFSR,6 MISR 4 ( T 5 LFSR,2 MISR 2 C3 4 ( T 1.20
8DCT-16 3*,2+ 16 7 LFSR,5 MISR 4 ( T 5 LFSR,2 MISR 1 C2,1 C3 4 ( T 1.15

32DCT-30 9*,12+ 60 33 LFSR,21MISR 4 ( T 18 LFSR,2 MISR 1 C5,1 C7,1 C9 4 ( T 129.70
32DCT-31 9*,12+ 62 33 LFSR,21MISR 4 ( T 19 LFSR,2 MISR 1 C5,1 C7,1 C9 4 ( T 124.40
32DCT-32 8*,12+ 62 32 LFSR,20MISR 4 ( T 16 LFSR,2 MISR 1 C4,2 C8 4 ( T 103.70
32DCT-33 8*,11+ 62 30 LFSR,19MISR 4 ( T 14 LFSR,2 MISR 1 C5,1 C6,1 C8 4 ( T 55.00
32DCT-37 8*,9+ 63 26 LFSR,17MISR 4 ( T 16 LFSR,2 MISR 1 C3,1 C6,1 C8 4 ( T 86.64
32DCT-38 9*,9+ 59 27 LFSR,18MISR 4 ( T 16 LFSR,2 MISR 2 C9 4 ( T 38.47
32DCT-39 8*,9+ 60 26 LFSR,17MISR 4 ( T 17 LFSR,2 MISR 1 C8,1 C9 4 ( T 45.46
32DCT-40 7*,10+ 61 27 LFSR,17MISR 4 ( T 16 LFSR,2 MISR 1 C7,1 C10 4 ( T 45.24

Table1: Comparisonof BIST resourcesandtestapplicationtime usingtheTCC groupingand
theBIST embeddingmethodologiesfor benchmarkexamples
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BIST areaoverhead overall-TAT
reduction(%)

TR VOD
TATDesign reduction

Datapathwidth
reduction reduction

reduction(%)
4 bit 8 bit 16bit

(%) (%)
(%)

EWF-17 20 -14.29 -17.95 -20.00 22.22 33.33 20.93
EWF-18 0 3.17 0.00 -1.78 33.33 75.00 8.33
EWF-19 0 18.57 16.15 14.80 40.00 50.00 5.56
EWF-20 0 18.57 16.15 14.80 40.00 50.00 5.56
EWF-21 20 -1.59 -4.27 -5.78 22.22 50.00 22.73
EWF-23 0 11.61 10.10 9.25 25.00 33.33 2.86

8DCT-10 20 -18.13 -21.60 -23.54 15.38 50.00 23.91
8DCT-11 20 20.95 18.46 17.07 46.67 71.43 27.66
8DCT-12 20 1.02 -1.65 -3.14 28.57 66.67 26.09
8DCT-13 20 -3.06 -6.04 -7.71 28.57 60.00 24.44
8DCT-14 0 31.43 29.23 28.00 53.33 66.67 10.53
8DCT-16 0 19.05 16.67 15.33 41.67 60.00 8.11

32DCT-30 0 41.14 39.25 38.19 62.96 90.48 35.85
32DCT-31 0 39.29 37.39 36.33 61.11 90.48 35.85
32DCT-32 0 43.82 41.94 40.88 65.38 90.00 34.62
32DCT-33 0 45.63 43.72 42.65 67.35 89.47 33.33
32DCT-37 0 33.72 31.75 30.65 55.81 82.35 28.57
32DCT-38 0 37.46 35.56 34.49 60.00 88.89 32.00
32DCT-39 0 33.55 31.66 30.60 55.81 88.24 30.61
32DCT-40 0 37.34 35.49 34.45 59.09 88.24 30.61

Table2: Reductionin testapplicationtime, BIST areaoverhead,numberof testregisters,vol-
umeof outputdataandoverall testapplicationtime for benchmarkexamplesusingthe TCC
groupingmethodology
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